To investigate the pathogenic mechanisms that underlie retinal degeneration induced by the rhodopsin mutation P23H in a Xenopus laevis model of RP. METHODS. Transgenic X. laevis were generated that expressed the rhodopsin mutants rhoP23H and rhoP23H/K29R (a variant incapable of transducin activation). Using quantitative dot blot assay, transgenic rhodopsin levels and the extent of retinal degeneration were determined. The contribution of rhodopsin signal transduction to cell death was assessed by comparison of rhoP23H and rhoP23H/K296R effects and by dark rearing of rhoP23H tadpoles. Intracellular localization and the oligomeric state of rhoP23H were determined by confocal immunofluorescence microscopy and Western blot analysis. RESULTS. RhoP23H induced retinal degeneration in a dose-dependent manner whereas expression of a control rhodopsin did not, indicating that rod photoreceptor death was specific to the P23H mutation and was not caused by the overexpression of rhodopsin. Neither abolishment of rhoP23H photosensitivity and ability to activate transducin nor dark rearing rescued rod viability. RhoP23H was localized primarily to the endoplasmic reticulum (ER) of inner segments. Western blot analysis of transgenic retinas showed that rhoP23H was prone to form dimers and higher molecular weight oligomers. However, aggresomes were not observed in rhoP23H transgenic retinal sections, despite their being reported in cultured cells expressing rhoP23H. CONCLUSIONS. These results support a role for rhoP23H misfolding and inner segment accumulation in rod death, possibly by ER overload or other cellular stress pathways rather than by altered rhodopsin signal transduction or aggresome formation. (Invest Ophthalmol Vis Sci. 2006;47:3234 -3241) DOI: 10.1167/iovs.06-0213 R etinitis pigmentosa (RP) is a heterogeneous group of inherited degenerative disorders characterized by the progressive loss of rod and cone photoreceptors, leading to blindness. More than 40 genes are linked to RP, including rhodopsin, a heptahelical G protein-coupled receptor that resides in a specialized photoreceptor organelle called the outer segment (OS). On photon capture, rhodopsin adopts an active conformation through isomerization of its chromophore and initiates the phototransduction cascade by the activation of transducin.
R etinitis pigmentosa (RP) is a heterogeneous group of inherited degenerative disorders characterized by the progressive loss of rod and cone photoreceptors, leading to blindness. More than 40 genes are linked to RP, including rhodopsin, a heptahelical G protein-coupled receptor that resides in a specialized photoreceptor organelle called the outer segment (OS). On photon capture, rhodopsin adopts an active conformation through isomerization of its chromophore and initiates the phototransduction cascade by the activation of transducin.
More than 100 rhodopsin mutations are associated with RP and account for approximately 30% of autosomal-dominant cases. Rhodopsin mutations are classified based on their properties in vitro when expressed in cultured epithelial cells. 1, 2 Class 1 mutants resemble wild-type rhodopsin in expression levels, fold correctly, and form functional photopigment. Class 2 mutants exhibit low expression and stability, variable ability to regenerate chromophore, and inefficient transport to the plasma membrane. Class 2 mutants also tend to misfold and are retained in the ER. The class 2 mutant P23H (rhoP23H) is the most prevalent cause of RP in North America.
The pathogenic mechanisms underlying rhoP23H toxicity in vivo remain unclear. Several studies suggest that for rhoP23H, a toxic gain of function may be associated with visual transduction because rhoP23H trafficks normally to the OS [3] [4] [5] [6] and aberrantly to the synaptic layer in transgenic rodents expressing mutant murine or human rhodopsin, 4, 5 humans and transgenic mice expressing rhoP23H display prolonged dark adaptation, 7, 8 and retinas of P23H transgenic mice are more susceptible to light damage than those of controls. 8, 9 However, other studies suggest that rhoP23H misfolding is the major cause of cell death because expression of rhoP23H in cultured cells impairs/overloads normal protein degradation pathways and results in the formation of aggresomes, 10, 11 rhoP23H is unable to rescue OS formation when expressed in rhodopsin knockout mice, 12 and partially folded rhoP23H may disrupt disk morphogenesis. 12, 13 In this study, we used transgenic Xenopus laevis to address mechanisms of rhoP23H pathology in vivo. Transgenic X. laevis make an excellent experimental animal for modeling RP because of their ease of generation, large photoreceptors, and rod/cone ratio similar to that of humans. We compared retinal degeneration (RD) induced by rhoP23H alone and in combination with a mutation that abolishes the ability of rhodopsin to activate transducin, and we determined the effect of dark rearing on RD. Subcellular localization of rhoP23H was also examined. Our results support a role for rhoP23H misfolding and ER retention in rod death by a mechanism independent of rhodopsin visual transduction. This mechanism may proceed through ER overload or other cellular stress pathways without the involvement of aggresomes.
MATERIALS AND METHODS

Molecular Biology
X. laevis expression constructs were based on pXOP0.8-eGFP-N1. 14 Isolation and mutagenesis of the X. laevis rhodopsin cDNA were previously described.
14 The 1D4 epitope tag VSKTETSQVAPA was introduced by PCR. Double and triple mutants were constructed using a combination of standard subcloning procedures and additional rounds of site-directed mutagenesis. Completed mutant rhodopsin cDNAs were verified by DNA sequencing. In the final cloning step, the enhanced green fluorescent protein (eGFP) cDNA was removed and the expressed protein was not a GFP fusion. For integration into sperm genomic DNA, expression vectors were digested with FseI (New England Transgenic X. laevis were generated using the nuclear transplantation method of Kroll and Amaya, 16 modified as previously described. 14, 17 Embryos were housed in 4-L tanks in an 18°C incubator on a 12-hour dark/12-hour light cycle. After 24 hours, embryos were treated with 18 g/mL G418 (Invitrogen, Carlsbad, CA) for 120 hours, as previously described. 18 Dark-reared animals were housed in the same incubator in tanks wrapped in several layers of aluminum foil. At 14 days postfertilization (dpf) corresponding to developmental stage approximately 48, 19 normally developed X. laevis were killed, and one eye was fixed in 4% paraformaldehyde while the contralateral eye was solubilized as previously described.
14 These studies were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Cell Culture, Transfection, and Western Blot HEK293S cells were cultured and transfected as previously described.
14 Samples from either transfected HEK293S cells or transgenic retinas were separated on a 12% acrylamide gel and transferred to Immobilon-P membrane (Millipore, Billerica, MA). Membranes were probed with a 1:10 dilution of mAb B630N (cell culture supernatant; gift of Paul A. Hargrave, University of Florida) or 1:5000 dilution of mAb 1D4 (Chemicon, Temecula, CA), followed by a 1:10,000 antibody dilution (IRDye800-labeled secondary antibody; Rockland, Gilbertsville, PA) and then imaged (Odyssey imaging system; Li-Cor Biosciences, Lincoln, NE).
Dot Blots
Dot blots were prepared as previously described 14 and were imaged as described for Western blots. The ratio of mAb 1D4 (recognizes transgenic rhodopsin only) to mAb B630N (recognizes total rhodopsin) labeling was used to estimate the level of mutant rhodopsin expression in transgenic eyes, based on linear interpolation using ratios obtained from control samples. Plots of expression level versus log total rhodopsin content were fit to dose-response curves using graphics software (Sigma Plot; Systat, Richmond, CA).
Immunohistochemistry and Confocal Microscopy
Fixed eyes were embedded and cryosectioned as previously described.
14 Frozen sections were labeled with 2B2 antibody (cell culture supernatant, gift of Robert S. Molday, University of British Columbia) at a 1:10 dilution, 514-18 (cell culture supernatant; gift of Paul A. Hargrave, University of Florida) at 1:10 dilution, or anti-calnexin at 1:50 dilution (Stressgen Biotechnologies, Victoria, BC, Canada) followed by 1:750 dilution of Cy3-conjugated secondary antibody (Jackson Immunoresearch, West Grove, PA). Sections were also counterstained with Alexa 488 -conjugated wheat germ agglutinin (Molecular Probes, Eugene, OR) and Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) as previously described. 17 Sections were imaged using a laser scanning confocal microscope (Zeiss 510; Carl Zeiss, Oberkochen, Germany). More than five animals were analyzed per construct.
RESULTS
Expression of rhoP23H Causes Retinal Degeneration in Transgenic X. laevis
To examine the ambiguities regarding rhoP23H localization and mechanisms of toxicity, we sought to generate an X. laevis model of rhoP23H-induced RP. We designed a modified control rhodopsin (c-rho) in which a conservative M13F mutation introduces an N-terminal binding site for mAb 2B2, and substitution of the X. laevis 12 C-terminal amino acids for the corresponding bovine sequence introduces a binding site for mAb 1D4 (Fig. 1C) . Neither mAb 2B2 nor mAb 1D4 recognizes wild-type endogenous rhodopsin.
14 Transgenic X. laevis were generated in which c-rho was expressed in rod photoreceptors under the control of the X. laevis opsin promoter. At 14 dpf, the retinas of these animals were examined by confocal microscopy of frozen sections. Retinas expressing c-rho (Figs. 2C, 2D) were essentially identical to wild-type retinas (Figs. 2A, 2B); rod OS were fully elaborated and closely packed together. Thus, neither the 1D4 tag nor the M13F substitution was inherently deleterious. In contrast, retinas expressing the P23H variant (c-rhoP23H) exhibited a range of retinal degenerations as seen by a deficiency of rods in the central retina (Figs.  2E-2H) . Generally, the OSs of c-rhoP23H retinas were either entirely missing or were shorter than those of the control retinas. Thus, the human RP mutation rhoP23H also induces RD in transgenic X. laevis.
RhoP23H Activation of Transducin Is Not Required to Induce Rod Cell Death
In transgenic mice, rhoP23H has been localized to the photoreceptor synaptic layer, 4 suggesting a role for abnormal synaptic transmission in rhoP23H-induced rod death. Moreover, in cultured photoreceptors, mislocalized rhodopsin causes cell death by inappropriate activation of nonvisual G protein-coupled signaling cascades in the IS. 20 To test whether aberrant Its N terminus contains two glycan moieties, and the C terminus contains two palmitoylated cysteines. Rhodopsin's chromophore, 11-cis-retinal, is bound to the lysine at residue 296. The P23H mutation resides in the intradiskal/extracellular N terminus. (C) Engineered sequence alterations at the N and C terminus of the transgenic rhodopsins. Residue 13 and the extreme C terminus (boxed regions) were substituted with bovine sequences to introduce antibody epitopes 2B2 and 1D4, respectively. Numbers refer to the residue in the bovine sequence. Arrows indicate the amino acids that were mutated. Given that both these changes were conservative, neither was expected to affect the structure/function of the molecule.
IOVS, August 2006, Vol. 47, No. 8 rhoP23H-Induced Retinal Degeneration in X. laevis 3235 rhoP23H signaling was involved in RD, we introduced a mutation (K296R) that generates a rhodopsin that folds properly but is unable to bind 11-cis retinal and is constitutively inactive. 14, 21 We expressed rhodopsins containing the P23H and K296R mutations singly and together as a double mutant. RD caused specifically by rhoP23H activation of G-protein signaling should be blocked by K296R when both mutations are present in the same molecule. However, at 14 dpf, transgenic retinas expressing c-rhoP23H/K296R (Figs. 3C, 3D) exhibited rod death similar to that in retinas expressing c-rhoP23H (Figs. 2E-2H). Transgenic retinas expressing c-rhoK296R (Figs. 3A, 3B) did not exhibit significant RD when compared to c-rho or wild-type retinas ( Figs. 2A-2D ). Thus, abolishing the ability of rhodopsin to activate transducin neither induced RD by itself nor rescued rods from P23H-induced cell death.
Quantitative Analysis of rhoP23H-Induced Degeneration
To more rigorously establish the relationship between the transgenic rhodopsins and cell death, we applied quantitative analysis to the observed c-rhoP23H and c-rhoP23H/K296R-induced RD. The transgenic X. laevis model is highly amenable to a quantitative approach because many primary transgenics can be generated in a single experiment. Each primary transgenic is the product of a different integration event; therefore, our results represent a wide range of expression levels and minimize effects caused by genetic background or integration site. Transgenic tadpoles from all four groups (c-rho, c-rhoP23H, c-rhoK296R, c-rhoP23H/K296R) were killed at 14 dpf. Solubilized extracts from one eye were analyzed by dot blot (Figs. 4A, 4B). Control samples of WT X. laevis rhodopsin (from solubilized nontransgenic retinas) and c-rho (from transfected HEK293S cells) were included, enabling us to determine the relative expression levels of transgenic to endogenous rhodopsin. Strikingly, average expression levels of c-rhoP23H and c-rhoP23H/K296R (Ͻ1% of total rhodopsin, accounting for decreased rhodopsin levels from degeneration) were significantly lower than those of c-rho and c-rhoK296R (7.7% of total rhodopsin; P ϭ 0.0000002, Mann-Whitney U test). In plots of expression level versus total rhodopsin (Fig. 4C) , increasing expression levels of c-rhoP23H and c-rhoP23H/K296R correlated with decreasing total rhodopsin content, indicative of RD (loss of rods resulting in less total rhodopsin). In contrast, c-rho and c-rhoK296R expression did not correlate with a decrease in total rhodopsin content.
We performed Kruskal-Wallis nonparametric analysis on the rank-transformed values obtained for the B630N signals shown in Figure 4A ( Tables 1 and 2 ). Nonparametric tests were used because of the likelihood that the data would not be normally distributed. The difference between groups was highly significant (P ϭ 0.0003). A subsequent multiple comparisons test 22 indicated that the total rhodopsin contents of c-rhoP23H and c-rhoP23H/K296R eyes were significantly lower than for c-rho and c-rhoK296R eyes. However, c-rhoP23H and c-rhoP23H/ Overexpression of control rhodopsins (c-rho and c-rhoK296R) did not cause significant retinal degeneration. Furthermore, total rhodopsin did not increase significantly with increased transgene expression, suggesting that in X. laevis rods, rhodopsin mRNA levels are not limiting and increased transgene expression primarily alters the ratio of transgenic to endogenous rhodopsin. It is also possible that degeneration caused by overexpression may occur at later time points.
Altogether, these results demonstrate that the rod death observed with c-rhoP23H exhibited a dose-dependent relationship specific to the P23H mutation and was not the result of rhodopsin overexpression. Furthermore, these data confirm that the toxic effects of P23H were not ameliorated by blocking the ability of c-rhoP23H to activate transducin. Quantitative results from the dot blot correlated very well with the qualitative histologic results obtained from frozen sections.
Dark Rearing Does Not Rescue P23H-Induced Retinal Degeneration
Dark rearing transgenic mice expressing rhoP23H retards the rate of RD, suggesting that rhodopsin signal transduction may be implicated in P23H toxicity. 8 However, in transgenic P23H rats, there was no protective effect of dark rearing. 23 Moreover, in the present study, we were unable to rescue degeneration with K296R, indicating that direct signaling through the mutant rhodopsin was not involved in P23H-induced RD. To assess whether dark rearing confers indirect protective effects on rhoP23H retinas, we reared tadpoles expressing c-rhoP23H either in total darkness or in cyclic light (12 hours light/12 did not result in significant loss of total rhodopsin at the expression levels observed. c-RhoP23H and c-rhoP23H/K296R caused similar rhodopsin loss. In c-rho and c-rhoK296R controls, variability in total rhodopsin primarily resulted from variation in the size of the eyes. This variability was greater than in wild-type animals and likely was associated with stresses from the transgenesis and selection procedures.
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hours dark). At 3 dpf (before development of the retina), we transferred embryos to a lightproof container until 14 dpf, at which time we killed the tadpoles. Duplicate dot blots of solubilized retina samples were probed with mAb B630N (total rhodopsin) or mAb 1D4 (transgenic rhodopsin). Quantification of the dot blots is shown in Figure 5 . The total rhodopsin content of c-rhoP23H-expressing retinas was lower (approximately 30%) in dark-reared tadpoles than in their light-reared littermates. This is consistent with previous studies showing that dark-reared wild-type X. laevis exhibits a decrease in rhodopsin synthesis of approximately 30% compared with that reared in cyclic light. 14, 24 Nonetheless, c-rhoP23H still induced a dose-dependent RD irrespective of the light-rearing conditions. Thus, in transgenic X. laevis, rhoP23H-induced RD is not rescued by direct prevention of rhoP23H rhodopsin signaling or by indirect physiologic effects associated with dark rearing.
RhoP23H Is Retained in the Rod Inner Segment
We analyzed the distribution of c-rhoP23H in transgenic X. laevis rods. The large size of the frog rod IS and OS and the lack of multiple layers of nuclei allowed us to identify entire individual rod cells and to visualize fine subcellular detail at the light microscopic level. Frozen sections of transgenic retinas were labeled with mAb 2B2 (specific for the N terminus of the transgenic rhodopsins). Both c-rho (Figs. 6C, 6D ) and c-rhoK296R (Figs. 6E, 6F) localized primarily to the rod OS as expected and to Golgi membranes of the IS. In contrast, both c-rhoP23H (Figs. 6G, 6H ) and c-rhoP23H/K296R (Figs. 6I, 6J ) localized predominantly to the rod IS; they exhibited a diffuse pattern of labeling throughout the IS that excluded the nucleus and Golgi membranes. We obtained similar results with mAb 1D4, which recognizes the C terminus of c-rhoP23H (data not shown). This distribution is entirely consistent with the distribution of ER in the X. laevis photoreceptor. Double labeling with 2B2 and anti-calnexin (an ER resident protein) show complete colocalization (Figs. 6K-M) . C-rhoP23H and c-rhoP23H/K296R were largely absent from the OS, though we occasionally observed narrow bands of c-rhoP23H in some OS (Fig. 6M) , demonstrating that although the rods were actively expressing the mutant rhodopsin (as indicated by mAb 2B2 labeling of the IS), little or no protein was able to escape the quality control mechanisms of the cell. Aggresomes (predicted to form adjacent to the microtubule organizing center) or other large aggregate-like structures were not observed. Thus, most P23H rhodopsin was retained and degraded in the ER, though a very small fraction escaped quality control and did traffic to the OS.
Anti-rhodopsin labeling of X. laevis retinas was typified by intense labeling of the periphery/outside margin of the OS (Figs. 6A, 6B) . Because of the extremely high rhodopsin concentration in the OS plasma membrane and disk membranes and the tight packing of disks within the OS, the antibodyantigen complex at the outside edge might have created a physical barrier that prevented further antibody access to the interior of the OS.
RhoP23H Is More Prone to Form Dimers/Aggregates than WT Rhodopsin
Because class 2 (misfolding) mutants such as rhoP23H tend to form dimers and higher order oligomers in cultured cells, 2 we examined the oligomeric state of rhoP23H in transgenic retinas. We performed Western blot analysis on solubilized eye extracts from transgenic and wild-type dpf14 tadpoles. The blots were probed with either mAb 1D4 (to detect c-rhoP23H) or mAb B630N (to detect wild-type rhodopsin) (Figs. 7A, 7B ). Wild-type rhodopsin was detected mainly as monomers, but some dimers, tetramers, and higher order complexes were also detected as is typically seen for this protein. c-Rho from a transgenic retina was indistinguishable from wild-type. In contrast, c-rhoP23H was detected only as dimers, trimers, or higher order multimers (Fig. 7B) . Similarly, c-rhoP23H expressed in transfected HEK293 cells was much more likely to form dimers and high molecular weight species than the control, c-rho. These results provide further evidence that c-rhoP23H exists in an improperly folded state in transgenic X. laevis retinas.
DISCUSSION
There are multiple and potentially conflicting reports concerning the fate of rhoP23H and the mechanisms by which it induces RD. 3, 5, 12 It is, therefore, crucial to determine the exact subcellular distribution of rhoP23H because localization largely defines the possible pathogenic mechanisms. The present study provides strong in vivo evidence demonstrating that rhoP23H is misfolded and retained in the IS. In transgenic mice, VPPrho (a modified murine rhodopsin that contains three N-terminal mutations, including P23H) expressed on a rhodopsin knockout background was unable to support OS formation and was localized exclusively to the IS. 12 However, this scenario does not mimic most human RP cases in which one normal rhodopsin gene is present. Localization of the mutant VPPrho was not determined in the presence of wildtype rhodopsin and OS. Moreover, in a separate report of transgenic mice carrying the same rhoVPP transgene, rhoVPP was localized to the OS when expressed on a rhodopsin ϩ/ϩ background. 5 In this study of transgenic X. laevis, we have clearly demonstrated that in rods capable of supporting OS formation, rhoP23H localized predominantly to the IS in a pattern consistent with retention in the ER. Unlike c-rho, which trafficked principally to the OS, there was a distinct lack of c-rhoP23H or c-rhoP23H/K296R in the OS except in thin, sporadic bands. Our quantitative results also support the immunolocalization results (i.e., the low levels of c-rhoP23H reflect its absence from the OS). The observation that c-rhoP23H formed dimers, trimers, and higher molecular weight aggregates provides a third line of evidence supporting the accumulation of c-rhoP23H in a misfolded state in the IS. It is interesting that although wild-type rhodopsin and c-rho formed dimers and tetramers at low levels, trimers were not observed, which suggests a different mechanism of aggregation of P23H rhodopsin.
Abolishing rhodopsin photoactivation did not rescue rods from P23H-induced degeneration, indicating that visual transduction functions of c-rhoP23H were not involved in pathogenesis. Although we detected only small amounts of c-rhoP23H in the OS, it introduced the possibility that this subpopulation could have been responsible for rod degeneration. Altered visual transduction properties have been observed in a transgenic mouse line that expresses VPPrho. 7 In addition, studies of primary retinal cultures suggest that rhodopsin that mislocalizes to the IS may be toxic because of inappropriate activation of adenylate cyclase. 20 Thus, c-rhoP23H could potentially activate IS signaling pathways. Our experiments involving the K296R mutation negated both these possibilities. Because the K296R mutation blocks retinal binding and G-protein activation, 14, 21 it precludes the involvement of transducin and likely other G-proteins in P23H-induced degeneration. The inability to rescue photoreceptors expressing c-rhoP23H by dark rearing further supports this argument. Dark rearing partially rescues retinal degeneration in VPP mice 8 but not transgenic rhoP23H rats. 23 The protective effects seen in mice may represent a secondary effect associated with alterations in the physiology of dark-adapted murine retinas as opposed to direct effects of rhodopsin signaling. This effect may not be evolutionarily conserved. Because the P23H/ K296R double mutant misfolds in vitro and is retained in the ER at very low levels, we did not assay its ability to activate transducin. However, there is no reason to suspect that P23H would counteract constitutive inactivation by K296R because P23 does not participate in the interaction between K296 and E113, which stabilizes the inactive conformation of rhadopson, or in the binding of chromophore. Furthermore, because of the lack of chromophore binding, P23H/K296R rhodopsin can adopt only a constitutively active or inactive conformation. If constitutively active, it would be inactivated in vivo through arrestin binding, as has been demonstrated for K296E. IS accumulation of c-rhoP23H strongly indicates that the observed RD involved disruption of the ER in some capacity, possibly by ER stress and the unfolded protein response (UPR). The UPR controls transcriptional regulation of target genes resulting in decreased total protein synthesis to slow the accumulation of misfolded proteins, upregulation of chaperones, and upregulation of proteins required for ER-associated degradation (ERAD) in which nonnative polypeptides are degraded by cytosolic proteasomes. ER stress responses to unfolded proteins can include upregulation of the proapoptotic transcription factor CHOP and activation of ER-resident caspase-12. Induction of the proinflammatory transcription factor NF-B as part of the ER overload response may also be involved, as has been observed for ⌬F508-CFTR. 26, 27 RhoP23H expressed in epithelial cells is a substrate for the ubiquitin-proteasome system, and eventually leads to its impairment. 10, 11 Overloading the proteasome results in the transport of small, undegraded protein aggregates to the microtubule organizing center (MTOC), where they coalesce to form large complexes known as aggresomes. 10, 28 It is controversial whether aggresome formation is a toxic 29 or a protective 30 -32 mechanism. Regardless, we did not observe aggresomes irrespective of rhoP23H expression levels or the state of RD. Alternatively, the accumulation of rhoP23H in the ER may interfere with wild-type rhodopsin synthesis. RhoP23H may saturate components of protein biosynthesis/quality control (e.g., calnexin, BiP, or the sec61 translocon), sequestering them from normal rhodopsin or other essential proteins. In transgenic mice, knockout of one rhodopsin allele supports OS formation but induces slow RD, whereas loss of both alleles abolishes OS formation and causes rapid and severe degeneration. 33 Thus, heterozygsity for rhoP23H (i.e., loss of half the normal complement of rhodopsin) combined with diminution of wild-type rhodopsin biosynthesis 34 may represent an intermediate state between heterozygous and homozygous null. Disruption of wild-type rhodopsin biosynthesis is not mutually exclusive from (and may occur in conjunction with) ER stress.
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It is important to consider the discrepancies between this report and previous studies of transgenic mice in which rhoP23H is reported predominantly in the OS. 3, 5 One possible reason for the discrepancies is that rhoP23H may fold more efficiently in mice than in frogs. The stringency of quality control mechanisms or the availability of chaperones may vary between species. Furthermore, because rhodopsins from different species (murine, human, and frog) have been studied, the results may reflect differences in primary sequences and thus in stability. Yet another possibility is the effect of lower temperature, which could influence the kinetics of rhodopsin folding, though low temperature could also promote folding and prevent denaturation associated with thermal instability. Nonetheless, we propose that misfolded rhoP23H is retained in the IS of transgenic mice at very low levels. Antibodies used in the transgenic mouse studies might not have been sufficiently sensitive to detect this population. 3, 5 Furthermore, some localization studies used antibodies that cannot distinguish mutant from wild-type rhodopsin. 12, 13 However, because rhoP23H is associated with RD in all studies, it is likely that rhoP23H toxicity involves the same mechanisms regardless of animal model.
The occasional narrow bands of c-rhoP23H detected in the OS are intriguing. If c-rhoP23H molecules randomly fold sufficiently to exit the ER, a low but uniform level would be present in the OS. Instead, the presence of distinct c-rhoP23H bands represents brief intervals of successful c-rhoP23H trafficking, suggesting transient alteration of the intacellular milieu favoring increased folding efficiency or decreased quality control. From a therapeutic standpoint, it may be important to determine what cellular conditions affect the ability of c-rhoP23H's to "escape" ERAD. Our X. laevis model provides an excellent system for investigating this.
Cultured photoreceptors lose their structural integrity and epithelial cells lack the unique features of photoreceptors; hence, the ability to investigate pathogenic mechanisms in vivo is crucial to the understanding of RP. Because the results derived from individual animal models are not always applicable to human disease conditions, it is important to accumulate data from as many sources as possible. Thus, the establishment of transgenic X. laevis as a model of RP provides another valuable tool for disease analysis and complements existing rodent models. The advantages of this system include excellent resolution of intracellular detail in light microscopy applica- Given that photoreceptor structure, retinal organization, phototransduction pathways, and rhodopsin sequence are all highly conserved among vertebrates, this model is likely to be relevant to human disease, and comparison of differences between this and existing animal models is likely to shed light on disease mechanisms. Innumerable potential confounding effects exist in all animal models (e.g., temperature, cone density, size of eye, nocturnal behavior); therefore, comparisons that establish common features are very important.
The present study provides strong in vivo evidence supporting protein misfolding, not aberrant rhoP23H visual transduction, as the major mechanism involved in rhoP23H-induced photoreceptor degeneration. Even low-level misfolding of rhoP23H in the human retina (or other animal models) could impact rod viability and should be considered a potential mechanism for pathogenicity.
